It has been widely accepted that the right temporal lobe plays a major role in the processing of music. One of the main lines of evidence was derived from Milner's study, published in 1962, which reported that right temporal lobectomy led to a decline in patient scores on four of the six subtests (Tonal Memory, Timbre, Loudness, and Time subtests) of the Seashore Measures of Musical Talents. That finding had led some surgeons and patients to hesitate in choosing right temporal lobectomy as a treatment for intractable epilepsy. The authors examined performance on the Seashore Measures before and after operations in 20 patients with right temporal lobectomy and nine patients with left temporal lobectomy. No disturbances in the Seashore Measures were detected after temporal lobectomy on either side. The extent of these temporal lobectomies was smaller than that of the temporal lobectomies in Milner's study, as measured along the sylvian fissure (1.5-4 cm; mean 2.7 cm, standard deviation (SD) 0.92 cm) and the base of the temporal lobe (3.5-5.5 cm; mean 4.7 cm, SD 0.63 cm). These findings indicate that the region resected on right temporal lobectomy in the present study is not essential for basic musical processing.
The right temporal lobe is believed to play a major role in the processing of music. Some standard textbooks [3, 4, 9] state that one of the main lines of evidence was derived from Milner's study, [7] which reported that right temporal lobectomy led to a decline in scores on four of the six subtests (Tonal Memory, Timbre, Loudness, and Time subtests) of the Seashore Measures of Musical Talents. [12] This evidence has discouraged acceptance of right temporal lobectomy as a treatment for intractable epilepsy. In recent surgery, the extent of removal of the temporal lobe has been smaller than that in previous studies, sparing the posterior temporal lobe. [14] We think that smaller resections in right temporal lobectomy may not cause impairment of musical ability. The purpose of this study was to clarify whether scores were impaired on the Seashore Measures of Musical Talents in patients who underwent right or left temporal lobectomy when a smaller resection was made.
Patient Population
The individuals studied consisted of 29 patients with medically resistant complex partial seizures of medial temporal lobe origin. All patients were right handed with left hemisphere dominance for speech confirmed via the Amytal test. The postoperative Full Scale intelligence quotients (FIQs) of all 29 patients were higher than 85. All the patients had pure tone air-conduction thresholds of less than 20 dB between 500 and 2000 Hz, and the interaural pure tone average difference was less than 5 dB. [1] The extent of lateral cortical resection was tailored according to the distribution of the epileptic area. The first type of right temporal lobectomy was performed in 10 of the 29 patients. Preoperative magnetic resonance (MR) imaging was performed using a 0.5-tesla imaging system to detect hippocampal abnormality. The assessment of hippocampal atrophy was based on a visual estimation of the size of the medial temporal lobe and the temporal horn of the lateral ventricle. Preoperative MR imaging showed abnormal findings in all 10 patients: four patients exhibited high intensity in the right hippocampus on T2-weighted MR images (one of the four had early-onset seizures (at ¾ 5 years of age)); three patients showed atrophy of the hippocampus (one of the three had early-onset seizures); two patients showed high intensity on T2-weighted MR images and atrophy of the hippocampus; and the remaining patient displayed high intensity in the right parahippocampal gyrus on T2-weighted images. The extent of resection was 1.5 to 4 cm (mean 2.7 ± 0.92 cm (± standard deviation)) along the right sylvian fissure and 3.5 to 5.5 cm (mean 4.7 ± 0.63 cm) along the base of the right temporal lobe (Fig. 1A) . The surgeon removed the anterior parts of the superior, middle, and inferior temporal gyri as well as the anterior parts of the fusiform gyrus, the parahippocampal gyrus, and the hippocampus. Furthermore, almost all of the amygdaloid nucleus, the uncus, the temporal pole, the anteroinferior part of the temporal stem, and the anterior part of the collateral isthmus were resected. The extent of hippocampal removal was 1.5 to 3 cm (mean 2.3 ± 0.49 cm). The second type of right temporal lobectomy was performed in another 10 of the 29 patients. Preoperative MR imaging revealed abnormal findings in nine of these 10 patients: four of them had atrophy of the right hippocampus; one patient showed high intensity in the right hippocampus on T2-weighted MR images, two exhibited high intensity on T2-weighted MR images and atrophy of the right hippocampus, and two patients had tumors, one of which was an astrocytoma in the right fusiform gyrus, and the other a gangliocytoma in the right uncus in a patient who had early-onset seizures. The extent of resection was 2 to 5 cm (mean 3.6 ± 0.83 cm) from the tip of the right temporal lobe along the superior margin of the right middle temporal gyrus, and 3 to 5 cm (mean 4.2 ± 0.67 cm) along the base of the right temporal lobe. The operation spared the right superior temporal gyrus, in contrast with the first type of right temporal lobectomy (Fig. 1B) . The extent of hippocampal removal was 1 to 2.5 cm (mean 2 ± 0.47 cm).
CLINICAL MATERIAL AND METHODS
Left temporal lobectomy was performed in the remaining nine patients. The first type of left temporal lobectomy, which spared the left superior temporal gyrus, was performed in seven of the nine patients. Preoperative MR imaging showed abnormal findings in four of these seven patients: two had atrophy of the left temporal lobe, one displayed high intensity and atrophy of the left hippocampus on T2-weighted MR images, and one had an astrocytoma in the left middle temporal gyrus. The extent of resection was 2 to 5 cm (mean 3.5 ± 0.96 cm) from the tip of the left temporal lobe along the superior margin of the left middle temporal gyrus, and 3.5 to 5 cm (mean 4.2 ± 0.64 cm) along the base of the left temporal lobe.
The operation included removal of the following anatomical structures of the left hemisphere: the anterior parts of the middle and inferior temporal gyri, the anterior part of the fusiform gyrus, the anterior part of the parahippocampal gyrus, almost all of the amygdaloid nucleus, the uncus, the temporal pole, the anteroinferior part of the temporal stem, and the anterior part of the collateral isthmus. The left hippocampus was resected in six of the seven patients. The extent of hippocampal removal was 1.5 to 2.5 cm (mean 2.2 ± 0.41 cm).
The second type of left temporal lobectomy, which spared the left superior and middle temporal gyri, was performed in the remaining two patients. Preoperative MR imaging showed no abnormal findings in these two patients. The extent of resection was 3.5 to 4 cm (mean 3.75 ± 0.35 cm) from the tip of the left temporal lobe along the superior margin of the left inferior temporal gyrus, and 3.5 to 4 cm (mean 3.75 ± 0.35 cm) along the base of the left temporal lobe. The left hippocampus was resected in these two patients. The extent of hippocampal removal was 1.5 or 2 cm (mean 1.75 cm).
In addition to the surgically treated patients, a group of 20 right-handed healthy volunteers was tested for comparison.
Tests and Procedures
To assess musical ability, various batteries of tests have been constructed. One of the most popular is the Seashore Measures of Musical Talents. [12] This battery contains six subtests as follows: 1) Pitch subtest. Fifty pairs of tones are presented; in each pair the participant determines whether the second tone is higher or lower in pitch than the first.
2) Loudness subtest. Fifty pairs of tones are presented. The participant indicates for each pair whether the second tone is stronger or weaker than the first. 6) Tonal Memory subtest. This test has 30 pairs of tonal sequences consisting of 10 items, each of three-, four-, and five-tone spans. In each pair, one note is different in the two sequences, and the individual identifies which note it is by number.
The Seashore Measures of Musical Talents was administered to each participant in a soundproof room. The tape was played using a digital audio tape recorder connected to a two-channel audiometer (RION AA-63BN). A stereo headphone (RION AD-02) set at approximately 70 dB A (dB weighted by A scale) per channel was used to transmit stimulus sounds to the participant. Each individual was instructed to record responses on the recording paper. All patients were tested before and 2 to 5 weeks after surgery (mean 3.3 ± 1.01 weeks).
Demographic characteristics of the two patient groups and the normal control group are presented in Table 1 . There were no significant differences between the three groups in education and intertest interval. No significant differences were noted between the two patient groups in the age at seizure onset, surgery-to-retest interval and FIQ. There was no difference in age between the patients who underwent right temporal lobectomy and the normal control group, whereas the mean age for the patients undergoing left temporal lobectomy was older than that of the patients who underwent right temporal lobectomy (t(27) = 2.383, p < 0.05) and the normal group (t(27) = 3.995, p < 0.001).
Statistical Analysis
Two different statistical approaches, Student's paired t-test and one-way analysis of variance (ANOVA), were used to analyze the results.
RESULTS
Because there were no significant differences between the scores seen in the patients undergoing the first type and those undergoing the second type of right temporal lobectomy, the results of the patients who underwent the first and second type were combined. The results of the patients undergoing the first and second type of left temporal lobectomy were also combined for the same reason. The means and standard deviations for each subtest of the Seashore Measures before and after surgery for the two patient groups (right temporal lobectomy group and left temporal lobectomy group) are presented in Table 2 . The results of the first and second testings for the normal control group are also presented.
The paired t-test was used to identify the difference between the preoperative and postoperative scores of each of the two patient groups (right and left temporal lobectomy group). The paired t-test was also used to identify the difference between the first and second testing scores of the normal control group. Statistically significant results were obtained only in the Pitch subtest ( Table 2 ). The results of paired t-test analysis demonstrated that the postoperative scores of the patients with right temporal lobectomy significantly increased over the preoperative scores (t(19) = 3.612, p < 0.01). The same result was obtained in the patients with left temporal lobectomy (t(8) = 2.991, p < 0.05).
One-way ANOVAs were used to compare the three groups (right temporal lobectomy, left temporal lobectomy, and normal control groups) in terms of the difference scores in the six subtests. The difference score consisted of the postoperative minus preoperative score in the two groups of patients. In the normal control group the difference score was the second minus the first testing score. There were no significant differences between the difference scores of the three groups in any of the six subtests.
In summary, two analyses revealed that performance on any of the six subtests of the Seashore Measures was not impaired on retesting in any group. No statistically significant differences were noted between the three groups in the subtests.
The right temporal lobectomy group included three patients with early-onset seizures (age ¾ 5 years), and the left temporal lobectomy group included no such patients. An analysis excluding these three patients was performed to clarify whether the right temporal lobectomy caused impairment of musical abilities in the patients with late onset seizure.
The results of paired t-test analysis revealed that the postoperative scores of the patients with right temporal lobectomy significantly increased over the preoperative scores in the Pitch (t(16) = 3.414, p < 0.01) and the Loudness (t(16) = 2.765, p < 0.05) subtests. Statistically significant results were not obtained in the other four subtests. One-way ANOVAs demonstrated that there were no significant differences between the difference scores of the three groups in any of the six subtests. In summary, two analyses showed that performance on any of the six subtests was not impaired on retesting in the right temporal lobectomy group with late-onset seizures. There were no significant differences between the three groups in the subtest scores.
We compared the scores of patients with hippocampal abnormality on preoperative MR imaging to those of patients with no hippocampal abnormality for each subtest. In the right temporal lobectomy group, 19 of the 20 patients exhibited hippocampal abnormality on preoperative MR imaging and the remaining patient did not. The score of the patient with no hippocampal abnormality was within the range of the mean score plus or minus two standard deviations of the patients with hippocampal abnormality in any of the six subtests. In the left temporal lobectomy group, five of the nine patients revealed no hippocampal abnormality on preoperative MR imaging and the remaining four displayed hippocampal abnormality. The mean score of the patients with hippocampal abnormality was within the range of the mean score plus or minus two standard deviations in any of the six subtests of the patients without hippocampal abnormality.
DISCUSSION
Milner [7] reported that right temporal lobectomy impaired performance on four subtests (Loudness, Time, Timbre, and Tonal Memory subtests) of the Seashore Measures of Musical Talents. In contrast, our study revealed that right and left temporal lobectomy did not cause impairment in any of the six subtests. The inconsistency between our results and those of Milner might be attributable to the fact that the right temporal lobectomies in our patients were less extensive than those of Milner's patients. The extent of the resection by right temporal lobectomy in Milner's study was 4 to 7.5 cm along the sylvian fissure and 5.5 to 8.5 cm along the base of the temporal lobe (Fig.1C) . In contrast, the extent of the resection in our temporal lobectomy was 1.5 to 4 cm (mean 2.7 cm) along the sylvian fissure and 3.5 to 5.5 cm (mean 4.7 cm) along the base of the temporal lobe (Fig.1A and B) . Our findings indicate that the region resected by our right temporal lobectomy did not play an important role in the processing of music. This suggestion is supported by a recent positron emission tomography study using Seashore's Tonal Memory and Timbre subtests. Mazziotta, et al., [6] reported that the most activated region was the right temporoparietal junction and that the bilateral anterior temporal lobes were not activated.
Saykin, et al., [11] reported that left temporal lobectomy caused verbal memory disturbance in patients with late-onset seizures but not in patients with early-onset seizures. Based on this observation, our inability to detect disturbance in musical skills would not be surprising. If all of our subjects had been patients with early-onset seizures, they would not have shown the disturbance. However, only three patients in our study were early-onset patients. The analysis excluding these three patients still showed no impairment in musical abilities.
Kester, et al., [5] investigated whether patients who underwent right temporal lobectomy showed impairment in the short version of one subtest (Tonal Memory) of the Seashore Measures. Although the extent of resection in their patients was almost the same as that in Milner's patients, they found that right temporal lobectomy did not cause impairment in the Tonal Memory subtest, which is inconsistent with the findings of Milner's study. The inconsistency may have been caused by the use of the short version of the subtest. Further studies are needed to define to what extent the length of resection in right temporal lobectomy causes impairment in the Seashore Measures.
The tasks of musical ability, which are similar to the Seashore Measures, were administered to patients with right temporal lobectomy by Zatorre [16] and by Samson and Zatorre. [10] Zatorre [16] reported that the patients studied had impairment in pitch perception. Samson and Zatorre[10] also demonstrated that their patients were impaired in melodic (Tonal Memory) and chord discrimination (Timbre). Because neither of the studies examined preoperative performance of the patients, it is not clear that their right temporal lobectomy caused the impairment.
Milner [7] reported that the Rhythm subtest of the Seashore Measures did not discriminate between patients with right and left temporal lobectomies. The same result was obtained in the studies of Boone and Rausch [2] and in the present study. Boone and Rausch also showed that neither right nor left temporal lobectomy caused impairment in the Rhythm subtest. However, they compared the preoperative score of the test with the score obtained 1 year after the operation. Interpretation of these results is complicated by the possibility of recovery during a year. The present study provided stronger evidence for the absence of a deficit, because our patients were tested 2 to 5 weeks postoperatively. Comparison of these test scores with preoperative test scores indicated no disturbance in the Rhythm subtest following right or left temporal lobectomy.
In addition to the disturbance of musical abilities revealed by Milner's study, [7] many neuropsychological side effects have been reported to occur after right temporal lobectomy, such as impairment in the delayed recognition of familiar faces, [8] in recall of the Rey-Osterrieth Complex Figure, [15] and in recall of spatial location. [13] However, interpretation of the results of these studies is difficult, because the extent of removal of the right temporal lobe in these studies was as large as that in Milner's study. Our inability to detect deficits in musical skill in patients with late-onset seizure suggests that other previously described side effects may also not be observed when the extent of resection of the right temporal lobe is small.
